I. Introduction
Ever since its discovery at the end of the last century, the stratosphere has aroused much interest, not only among meteorologists, but among other men of science also. While at first its cause seemed so mysterious th at many doubted the reality of its existence, it is now generally agreed that the change from troposphere to stratosphere corresponds to a change from convection to radiation as the main factor governing the temperature of the air. It will be the purpose of this lecture to try to present a picture of the conditions at these high levels in the atmosphere as they are known to-day.
The temperature of any part of the atmosphere is, of course, ultimately dependent on the energy radiated by the sun, but the process is often indirect and complicated. Solar radiation, being largely in the visible part of the spectrum or the near infra-red, suffers but little absorption by the major components of the atmosphere as it passes down to the earth where it warms the surface of the ground. The air-except at extremely great heights-is thus but slightly warmed by sunlight directly. In marked contrast to sunlight, the outgoing radiation from the earth's surface, being largely in the far infra-red part of the spectrum, suffers great absorption by the atmosphere. Three minor components are mainly responsible for this absorption, viz. water vapour, carbon dioxide, and ozone, each of which has one or more strong absorption bands in this part of the spectrum. Were no other processes operating in the atmosphere, the temperature of the air would be determined by the absorption and emission of this long-wave radiation. In the lower atmosphere there would be a rapid fall of temperature with increasing height above the ground, while at very great heights, where the absorbing gases are too rare to cause strong absorption of radiation, the temperature of the air would be low and would only fall slowly with increasing height. However, the rapid fall of temperature above the ground would be unstable, and violent convection would take place reducing the temperature lapse rate to a stable value. There is little doubt th at this general picture of the temperature control in the atmosphere is correct, viz. a lower part, the troposphere, where convection is in control (with the surface temperature fixed by the sun's radiation) and an upper part (the stratosphere and the warm layer above it) where radiation is the controlling factor.
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Lord Cherwell was, it is believed, the first to suggest th a t the absorption of out going infra-red radiation from the earth and lower atmosphere by carbon dioxide and ozone would play a part in determining the radiative equilibrium in the strato sphere in addition to th a t played by water vapour, and th at the equilibrium tem perature would depend on the relative proportions of these three gases (Lindemann 1919) . Until recently, however, it was generally believed th at the absorption by water vapour, extending as it does over a wide range of the infra-red spectrum, would be of predominant importance. In P art III, consideration is given to the ques tion as to how far this hypothesis is supported by knowledge acquired in recent years.
Of the three main absorbing gases in the atmosphere, carbon dioxide has a very strong absorption band centred at about 14-7 as well as other minor bands. W ater vapour has a very complicated absorption spectrum with minor bands in the near infra-red, a strong band a t about 6-5 /i,and a very extensive wave-lengths where it absorbs strongly. Ozone, in addition to minor absorption bands, has a strong but rather narrow band at about 9*7 which, it should be noticed, falls in a part of the spectrum where both water vapour and carbon dioxide are nearly transparent and where the intensity of the outgoing radiation will be strong, since it will come largely from the surface of the earth without having suffered absorption by the other gases. , The outgoing radiation passing upwards through the lower stratosphere will not all come from one level; for those wave-lengths where water vapour and carbon dioxide are very transparent, e.g. in the region about 10 the radiation will mainly come from the surface of the earth which has an average temperature of about 280° Abs. Those wave-lengths which are strongly absorbed by water vapour or carbon dioxide will arise in the upper troposphere at such a level that there is just not enough water vapour or carbon dioxide above to cause, strong absorption, the average temperature being probably about 233° Abs. Other wave-lengths which are partially absorbed by water vapour or carbon dioxide will arise in the lower troposphere where the temperature is, say, 260° Abs. This question has been fully dealt with by Simpson (1928) in his 'Further studies in terrestrial radiation'. He there gives a curve showing the spectral distribution of the radiation which leaves the top of the stratosphere. This diagram, modified by changing his temperature from 218° to 233° Abs., gives a reasonable estimate of the radiation of different wave-lengths entering the bottom of the stratosphere (figure 17). On this basis one may calculate the equilibrium temperature which any one gas would attain if it existed alone and had only one absorbing wave-length. The values are given in table 1, where it is assumed that the absorption and re-emission of radiation at higher levels are so small th at they can be neglected.
It is difficult to estimate the true radiative equilibrium temperature of water vapour in the stratosphere owing to its very complicated absorption spectrum, but a value of 190° Abs. does not seem unreasonable. Thus we may take the equilibrium temperatures of carbon dioxide as being about 200° Abs., that of water vapour as about 190° Abs., while that of ozone will be about 250° Abs. Increasing the relative IO-2 146 G. M. B. Dobson with A. W. Brewer and B. M. Cwilong proportion of ozone in the stratosphere may thus be expected to raise the tem perature, while an increase in the relative proportion of water vapour would deciease the temperature. Before we can begin to try to estimate the actual temperature to be expected in the stratosphere, the relative amounts of these three im portant gases must be known. In the next section the work which has been done on this question will be reviewed.
II. W ater vapour, ozone and carbon dioxide in the u pper atmosphere (a) Water vapour (i) Design of hygrometers
Until quite recently there was no reliable information about the amount of water vapour in the upper troposphere, though it was generally supposed th a t at these levels the air would be nearly saturated. As regards the humidity of the air in the stratosphere our ignorance was quite complete and widely divergent views were held. The difficulty of measuring the humidity of the air a t these heights arises chiefly from the fact th a t there is so very little water vapour to measure owing to the low temperatures. Thus, even if the air were saturated at 220° Abs. (the average temperature of the stratosphere in temperate latitudes), there would be only 26 mg. of water vapour in a cubic metre, while if it were saturated a t 190° Abs. (the average temperature of the stratosphere a t the equator) there would be only 0*3 mg./m.s. For this reason most of the usual methods of measuring humidity become im practicable. Thus the difference between the wet-and dry-bulb thermometers becomes vanishingly small even if the air is very dry; materials sensitive to moisture such as hairs or gold-beaters'-skin take so long to pick up the required amount of water (or to get rid of it) th at their lag becomes prohibitive; direct sampling, by bringing down a vessel of air, is made very inaccurate by the much greater amount of water adsorbed on the walls of the vessel. It should be possible to measure the absorption of solar infra-red radiation by the strong water-vapour band at 6-5/4, but in addition to the rather elaborate apparatus required, lengthy and difficult laboratory measurements of the absorption coefficients of water vapour at low temperatures and low pressures would have to be made since they are not accurately known under these conditions at present. Only the dew-point, or frost-point, method is free from major difficulties, and this method has been developed for use under these special conditions. So far no instrument has been designed which is suitable for use on a small free balloon, and all observations have been made from aircraft.
As mentioned before, saturated air a t a temperature of 190° Abs. contains only 0-3mg./m.3 of water vapour, and only a small fraction of this can be deposited on the thimble of the instrument if the measurement is to be accurate. One of the first requirements of a satisfactory design is, therefore, to be able to detect exceed ingly small deposits of ice and whether a small deposit is growing or evaporating. Actually it is found possible to work with deposits of much less than a thousandth of a milligram of ice. Two types of instruments have been made, one in which the deposit is viewed by the observer, while in the second the amount of deposit is measured photoelectrically by the amount of light which it scatters. In the eyeobservation instrument this sensitivity is obtained by using a jet of air, about a millimetre diameter, directed across the flat surface of the cold thimble of the hygrometer. The water vapour is thus deposited as a streak across the thimble, and the contrast with the surrounding clear parts greatly helps to make a faint deposit visible to the eye. The illumination of the thimble is also carefully designed. The thimble is made of aluminium and its flat upper surface is anodized and dyed black, while an even illumination from all sides a t a low angle is obtained by surrounding the thimble by a reflector consisting of an ellipse of glass or of one of the transparent synthetic plastics, the lamp being placed in a hole cut at one focus of the ellipse while the thimble is in a hole at the other focus. In this way an effect similar to darkbackground illumination is obtained which allows very minute traces of hoar-frost to be clearly seen. A magnifying lens is provided to aid the eye and closes the little cell a t the top.
The under-part of the thimble is hollow, and the thimble is cooled to any desired temperature by forcing a jet of cold petrol into this hollow. The petrol is cooled by surrounding the pump with a mixture of solid carbon dioxide and petrol. Alter natively, liquid air may be forced against the thimble when very low temperatures have to be reached. With this arrangement there is no difficulty in bringing the thimble to any desired temperature and holding it constant within a fraction of a degree. The construction of the instrument will be seen from the diagrammatic sketch of figure 1.
The procedure followed in making a measurement is as follows: First, the thimble is cooled until a deposit is obtained. To be sure th at this is ice and not supercooled water,* the thimble is cooled still more, after which it is warmed until nearly, but not quite all, the deposit has evaporated, when it is again cooled to some tem perature believed to be near the frost-point. After holding the thimble at this temperature for 30-60 sec. the deposit is again observed to see whether it has grown or evaporated. Proceeding in this way two temperatures are found at which the deposit is seen just to increase and just to decrease. The mean of these temperatures will be very near the true frost-point. I t is important to stress the fact th at the thimble may be held one or two degrees below the true frost-point of the air without any deposit forming a t all, and that at these low temperatures the vapour pressure of ice is so low th at the deposit evaporates very slowly, and if the temperatures are observed when the deposit first appears on cooling and when it just disappears on warming, the mean of these two temperatures may not be the true frost-point of the air.
Photocell
Light absorber Instead of observing the deposit of ice or dew on the surface of the thimble by eye, the amount of deposit may be indicated photoelectrically. The general prin ciples of the instrument are seen in figure 2. In this case the top of the thimble is polished gold and not black, and the instrument is so designed that when there is no deposit very little light reaches the photoelectric cell, but a small deposit of ice, by scattering the light, causes a large increase in the light reaching the cell. The current passing through the cell is amplified and read on a microammeter which is adjusted to read approximately zero when the surface of the thimble is clean. The reading of the microammeter is thus a rough measure of the amount of deposit on the thimble. Though the instrument is more elaborate and requires more attention to keep in order than the eye-observation type, it is much simpler to use, since all that is necessary (after having obtained a small deposit on the thimble and being sure that this is ice and not water) is to adjust the temperature of the thimble to a value where the microammeter gives a steady reading, indicating th a t the amount of deposit is not changing. The time taken for an observation is therefore very short, since the actual amount of deposit is quite immaterial, the only necessary condition being th a t the amount should not be changing. At least two independent observations can be taken per minute. As with most instruments, increase in elaboration brings with it disadvantages as well as advantages, and one cannot be so certain th a t errors may not have crept into an observation which would have been noticed a t once if the measurement had been made by a good observer using the eye-reading instrument.
In principle it is only a small step in elaboration to make the instrum ent entirely automatic, the current from the photoelectric cell being made to control the cooling of the thimble so th a t a small constant amount of deposit would be continually present and the thimble continually at the frost-point of the air. The developments of the instrument on these lines is now in progress.
Very careful, critical experiments have been made to see th a t the readings obtained with these instruments do really give the true frost-point of the air even a t very low temperatures. For this purpose an air supply having a frost-point of 194° Abs. was obtained by passing air from a pump, first through dry silica gel to remove most of the water vapour and then through clean copper spirals immersed in a bath of solid carbon dioxide and acetone and finally through a cotton-wool filter in a metal cylinder-also cooled in solid carbon dioxide and acetone-to remove any ice particles which might be blown through the spirals. I t was assumed th a t the air from this system would have a frost-point equal to th a t of the cooling bath, and the difference of temperature between the thimble and the bath was measured by th er mocouples. Two slightly different eye-observation instruments were used by three observers, and it was clearly shown th a t the instrum ent did indicate the true frostpoint and th a t a t this low temperature the probable error of a measurement made in the laboratory was about ± 1° C. When used in aircraft a t a great height and in some discomfort and with a shortage of oxygen, the probable error would certainly be greater. W ith air of higher frost-points the instrument is much easier to use owing to the larger amount of water vapour present, and a much better accuracy can be obtained.
Similar critical tests with the photoelectric deposit indicator show th a t a single observation on air of frost-point about 194° Abs. can easily be made in about half a minute, as compared with about 5 min. when using the eye-observation instrum ent at such a low temperature, and th at the accuracy is very much better. Since less judgement is required of the observer when using the photoelectric instrument, it is likely th at this instrument will prove much more accurate than the eye-observation instrument when used in aircraft at a great height.
Tests such as these show th at down to a frost-point of 194° Abs. these hygro meters give results which are thoroughly trustworthy. At still lower temperatures an effect is found which a t present appears to place a definite lower limit to the temperature a t which a frost-point hygrometer can be used. The effect was first noticed when the .thimble of the hygrometer was cooled to about 160° Abs. while using air having a frost-point of about 194° Abs. The thimble was cooled to this low temperature to get a deposit of ice quickly, but, contrary to expectation, no visible deposit was formed a t all, although the thimble was kept a t this low temperature for about 15 min. When, however, the thimble was warmed up to a temperature only some 10° C below the frost-point of the air supply, the usual deposit of hoar-frost appeared. Further investigation showed th a t this effect begins to come into play at even higher temperatures. The photoelectric deposit indicator has been used to measure the rate of growth of the deposit with the thimble at different temperatures and with air of different humidities. The rate of deposit was found to be rather vari able between one test and another, but the curves of figure 3 show the general character of the effect. (Since successive measurements did not give exactly the same values, it is not certain that the curves should ever cross one another.) From these curves it will be seen that there will be a natural limit to the dryness of the air which can be measured by a frost-point hygrometer, since one may expect that if still drier air were used a curve such as A BCD would be obtained, and it is only in the small range of temperatures between A and that any appreciable deposit would be observed. For still drier air practically no deposit would be visible a t any tem perature. It will be noticed th at the effect is not due to lack of suitable nuclei on which the water vapour can sublime, since if the thimble has a thin coat of hoar-frost before being cooled to the low temperature, visible deposition still stops a t the same low temperatures.
There is reason for thinking th at water vapour continues to be deposited at very low temperatures, but that it is in the form of a glass rather than crystalline ice, and so is not visible. For example, if the thimble has been cooled to, say, 150° Abs. in a current of very dry air and then air having a frost-point of about 200° Abs. is admitted for a minute or so and finally the current of very dry air is again passed through the instrument while the thimble is slowly warmed, a considerable deposit appears when the thimble temperature reaches about 200° Abs., in spite of the fact th at the thimble is much above the frost-point of the surrounding air. The deposit evaporates again in a minute or two. The simplest explanation for this effect is th a t an invisible, thin layer of glassy ice was deposited on the thimble when it was very cold and that this slowly changed to crystalline ice as the thimble warmed up. Burton & Oliver (1936) , using the X-ray diffraction method to study the sublima tion of water vapour at low temperatures and low pressures, showed th a t vitreous ice was formed when water vapour condensed on a metal surface at a temperature below 163° Abs. If this surface were at a rather higher temperature a crystalline or semi-crystalline deposit was formed. If the temperature of the vitreous ice were raised it changed to crystalline ice.
Another phenomenon which has given some trouble at low frost-points is th at frequently when the thimble is first cooled from room temperature-particularly if its surface has been recently polished-it is very difficult to get any deposit at all. After the thimble has been cooled for some time a deposit slowly forms and grows more and more easily the longer the thimble is kept cold, until after about an hour a deposit is readily formed even at a frost-point of about 190° Abs. The surface of the thimble appears to become in some way 'activated'. This 'activity' does not disappear when the thimble is warmed so th at the deposit is entirely evaporated, but does often disappear if the thimble is warmed to room temperature for some time. I t is this variation in the ' activity ' of the thimble surface which makes it difficult to get repeatable values for the curves shown in figure 3.
(
ii) Measured humidities of the upper atmosphere
The most generally accepted theory of the probable distribution of water vapour in the stratosphere was that the air at the tropopause would be saturated or nearly saturated, and th at there would be a slow churning of the air in the stratosphere which would mix the air of the upper stratosphere with the air just above the tropopause, with the result th at the ratio of the weights of water and air would be constant at all heights in the stratosphere and equal to their ratio at the tropopause. Some of the observations which have been made in the upper air can be used to examine this theory.
Several ascents have now been made in which the humidity has been measured with hygrometers of the type described above, and the results have demonstrated the value of such measurements in the study of the dynamics of the atmosphere, both in the stratosphere and in the troposphere. The main concern here is with the stratosphere, but an examination of some of the results obtained in the middle and lower troposphere will help to understand the stratosphere results more easily.
Examine an ascent made through a stable layer in the troposphere to see to what extent the slow churning does take place. In the early months of 1945 the weather was of such a type th a t subsidence inversions, i.e. very stable layers were quite common, often persisting for several days, and if destroyed they quickly reappeared. A large number of soundings were taken through these inversions and a typical result is shown in figure 6 , where a very stable layer is seen between 914 and 1680 m. Special interest attaches to the frost-point curve. Near the top of the stable layer the frost-point (and therefore the water-vapour content also) passes through a minimum and there is a shallow layer only 600 m. thick which contains less water vapour than the air either above it or below it. Figure 7 shows the data for the same ascent in which we have plotted the logarithm of the weight of water per gram of air against height. The scale has been enlarged so as to show the detail in the inversion layer more clearly. The very rapid way th at this ratio-the humidity mixing ratio -changes with height is most remarkable, between 914 and 1530 m., a depth of only 616 m., the humidity mixing ratio decreases by a ratio 13:1, and then between 1530 and 1680 m. it increases again by 9:1. This shallow dry layer was found in almost all the ascents though it was less marked in some than others, and it was found to persist for several days without weakening, so th at any mixing between different layers must have been very slow.
From a general meteorological point of view, this feature is of great interest, but for our present purpose it is chiefly of interest as showing th at in stable air, mixing between different layers must be extremely slow, and th at any theory which is based on the vertical interchange of air in the stratosphere may not be correct. The need for actual observations in the stratosphere is therefore very real.
So far we have made thirteen ascents into the stratosphere. Ascents made on 26 August and 7 September 1943 just entered the stratosphere and indicated a great reduction in humidity at the highest levels reached, but the first ascent when observations were made well into the stratosphere was on 22 December 1943 and figure 4 shows the results, which we believe to be the first accurate measurement of humidity ever made in the stratosphere. The ascent was made in a polar air stream which was subsiding strongly as is shown by the distribution of temperature and humidity in the troposphere. The lower limit of subsidence was below 3 km., and the upper limit was at 8 km. The air at the tropopause had not subsided.
Immediately on entering the stratosphere the frost-point fell very rapidly, and at the upper part of the ascent the frost-point could not be measured since the thimble could not be cooled enough to obtain a visible deposit.
This very rapid fall in frost-point immediately on entering the stratosphere has been a feature of all the ascents which we have made so far and occurs in other typical ascents shown in figures 5 and 5 a .These asc meteorological conditions, though many more ascents are still needed to show whether the fall in frost-point above the tropopause invariably occurs. The sudden decrease in the relative humidity is consistent with the known fact th a t the con densation trails which aircraft usually form a t great heights become much shorter when the aeroplane enters the stratosphere, indicating very dry air in which the trail quickly evaporates. A few cases have been reported when the aircraft continued to leave long persistent trails even when some thousands of feet above the indicated tropopause. While it is possible th a t the height accepted for the tropopause was not correct, the possibility remains th a t occasionally the air of the lower stratosphere may be nearly saturated.
Further evidence is still wanted as to whether the frost-point continues to fall a t greater heights in the stratosphere. So far, ascents which have penetrated a con siderable distance into the stratosphere and on which the hygrometer had provision for adequate cooling, have suggested th at the frost-point becomes roughly constant a t a temperature between 190 and 205° Abs. Now consider how the air in the stratosphere can become so very dry. I t seems th a t the only way in which water vapour can be removed from the stratospheric air is by the air having risen and therefore cooled to a low temperature, causing sublima tion of the water vapour. The ice particles formed must then be removed from the air by falling out. I t is natural to look for this process near the equator where the stratosphere is coldest and where there are widespread rising currents in the tropo sphere. The average temperature of the stratosphere here is about 190° Abs., while occasionally temperatures as low as 182° Abs. have been measured. The variations from day to day are much smaller than in temperate regions.
At first sight it might be expected that, a t these very great heights where the tem perature is very low and the air is likely to be very clean, considerable super saturation might be necessary before sublimation took place, and th a t when it did a cloud of very fine ice crystals would be formed which would settle out extremely slowly. Some experiments, similar to those of C. T. R. Wilson, in which damp air is suddenly expanded and thereby supersaturated, were made a t very low temperatures and are of interest in this connexion. I t was found th a t even in very clean air (from which all nuclei had been removed), a cloud of ice crystals was easily formed provided th a t the temperature fell below 232° Abs. and sublima tion took place with a supersaturation far below the ion threshold necessary to form water droplets at temperatures above 232° Abs.* Further, when the tem perature is below about 190° Abs. rather large grains of ice, similar to soft hail, are formed instead of the cloud of fine ice crystals. These large grains will fall fast and so remove the water from the cooled air; they would probably be quite invisible from the ground so th at no clouds would be seen. While the known processes would thus account for the production of the dry air there must be remarkably little dif fusion of air across the tropopause, since on those days when the driest air has been found the air current had not recently come from low latitudes. In the case shown in figure 4 the air of the stratosphere was probably over Hudson Bay a few days earlier. If the air changes its level without condensation or evaporation of water, only a small change in the frost-point results, a rise of a kilometre causing a fall in frostpoint of about 1° C. Thus no large changes in frost-point can be caused in this way.
Unfortunately, we have so far not been able to make enough measurements of the humidity within the stratosphere to know how it varies as between polar and equatorial currents, nor its average values over high-and low-pressure areas. I t seems probable th at when this information is available it may lead to very important developments.
*
Note added N o v e m b e r , 1945. The highest temperatures at which the first ice pa appear in an expansion chamber, as determined by the expansion ratio, are quite sharp and as calculated, assuming adiabatic conditions, they are (1) for nuclei-free air, 225-5° ± 0 -1° Abs., (2) for outdoor air, 235-5° ±0*5° Abs., (3) for air contaminated by tobacco smoke, 242° ± 0-5° Abs. However, experimental evidence has recently been obtained that the minimum temperatures after expansion are higher than those calculated from the adiabatic formula. Experiments to determine the exact minimum temperatures are in progress. At present the most probable estimates for the three above cases are (1) 232° Abs., (2) 241° Abs., (3) 246° Abs. Gm. of water/kg. of air Humidity mixing*ratio (6) Ozone Turning now to consider the role of ozone in the upper atmosphere, the work on this subject which has already been published will be first briefly reviewed and then certain new results which have been obtained from recent observations will be described. Most of the measurements which ha ve been made give the total amount of ozone in the atmosphere above the place of observation, though it has been pos sible, even from observations made at ground level, to get some idea of how this ozone is distributed throughout the depth of the atmosphere.
Ozone has a very strong absorption band for ultra-violet radiation between 3300 and 2200 A., and in most work this has been used for measurements of the amount of ozone. By means of a suitable monochromator, two wave-lengths in the sun's radiation are isolated, and from their relative intensities the absorption by ozone and hence the amount of ozone is calculated. One wave-length is chosen to be almost outside the ozone absorption band while the other is chosen well within the bandthough not too far within the band, otherwise so little radiation is transm itted th a t accurate measurements are impossible. The measurement of the relative intensities of the two chosen wave-lengths may be made photographically or photoelectrically -the latter method having the great advantage of simplicity of observation and quickness, since one observation and the necessary calculation can easily be com pleted in 10 min.
From observations such as those described above it is now known th a t a t times the total ozone in the atmosphere above any place may be as small as 1*5 mm.* and a t least as large as 4*5 mm. This amount is, of course, very small even when compared with such gases as carbon dioxide which would have an equivalent thickness of 2*4 m., but owing to its strong absorption of radiation even this very small amount is important. Observations made in widely separated parts of the world show th a t near the equator the amount of ozone is always small and generally fairly constant, the average value being 2*0 mm. In high latitudes, on the other hand, there is a large annual variation and the amount is very large in the spring, but in autum n it is probably not more than about 25 % greater than the amount a t the equator. In temperate regions, where the great majority of measurements have been made, the average amount is also greatest in the spring and least in the autum n in either hemisphere. The amount also varies greatly from day to day with the meteorological conditions, being low in the warm sector of a depression and in an anticyclone, while it is high in the cold parts of a depression. I t appears, indeed, to be true in most cases th a t polar air has a high ozone content and equatorial air a low content, though whether the origin of the air current accounts for the whole of the variations in ozone is by no means certain a t the present time.
An estimate of the vertical distributions of the ozone throughout the depth of the atmosphere can be obtained from observations of the absorption produced by the ozone both in the radiation received directly from the sun and also in the * The total amount of ozone in the atmosphere above any place is usually given as the thickness of an equivalent layer of pure gas at standard temperature and pressure. radiation which has been scattered by the air and passes down to the measuring instrum ent from the clear blue zenith sky. Other measurements have been made by sending up a spectrograph in a free balloon and measuring the total ozone above the height of observations (Regener 1934) . There is no reason why a suitable spectro graph should not be carried on an aeroplane and solar ultra-violet spectra taken a t various heights from which the concentration of ozone a t different levels could be measured.
Measurements of the average height of the ozone in the atmosphere have also been made by Strong (1941) . He measured the total amount of ozone by the absorption of ultra-violet solar radiation as described above, and in addition he measured the absorption in the 9-7 / iband. He has shown th a t for a constant amount of ozo absorption by this band varies as the fourth root of the total pressure under which the ozone exists. From these two measurements he was able to calculate the pressure a t the average height of the ozone layer and thus its height. The method, of course, does not give any information about the vertical distribution of ozone, but it has the great advantage th at an estimate of the average height can be obtained from one set of observations made a t the same time, so th at changes in the level of the ozone can be followed as well as changes in the total amount. The method can be used only when direct sunlight can be obtained and not with a cloudy sky.
Very few measurements of the vertical distribution of ozone in the atmosphere have been made compared with the number of measurements of the total ozone content. The measurements indicate th at the concentration of ozone rises with increasing height in the atmosphere, reaching a maximum at about 25 km. and probably falling to a very small value at 50 km. They also indicate th at the day to day variations occur largely in the lower stratosphere, say from 10 to 20 km., an im portant point which will be referred to again in § III.
The methods of measuring the amount of ozone used in the earlier observations required direct sunlight so that observations were not possible in cloudy weather, and, since the passage of a front separating different air masses is usually accompanied by much cloud, little information could be obtained about the details of the changes in ozone in such cases. Recent measurements have now filled this gap. The passage of a warm front, when cold air is replaced by warmer air, is accompanied by a fall in the ozone content, and since a warm front slopes forward at an angle of roughly 1/150, the fall takes place before the arrival of the front at ground level just as the upper clouds show the approach of a warm front some time before the arrival of the front at the surface. Figures 8, 9 and 10 show a well-marked case of a warm front, the amount of ozone being given as a percentage of its normal value for the time of year. Figure 8 shows the pressure distribution and the positions of the surface fronts during three days. On the first day, when a shallow depression covered the British Isles, the ozone at all stations was well above the normal value for the season. On the second day the ozone in western Ireland fell to 88 % of the normal at 1300 hr. and to 76 % at 1500 hr. The ozone at Lerwick had also fallen to 96 %, but at the other stations the values were still as high or higher than on the previous day. At
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this time the warm front was approaching western Ireland but was some 600 miles away from the coast. On the third day, although the front was still west of Ireland, the ozone values at all the British stations had fallen to quite low values. I t is unfortunate th at the fall in ozone content could not be observed in detail at the British stations as it occurred at night, but the two observations in western Ireland showed how rapid the fall was. On the fourth day the front (now occluded) had passed across the British Isles, but another warm front approaching Ireland caused a renewed fall in ozone at Valentia. It is of interest to notice that though the Shetland Isles are well to the north of the surface warm sector, yet the lowest ozone value is found there, a condition frequently recurring in other similar cases also.
In figure 9 the front has been drawn as it was at 1300 hr. on the second day, and the ozone values plotted a t the positions of the observing stations. Earlier and later ozone observations have also been entered a t the approximate positions of the stations relative to the front at these times. Isopleths of ozone content show the general distribution of ozone in relation to the front. In figure 10 an attem pt has been made to show a cross-section of the atmosphere at right angles to the direction of the front. There are no measurements of the height of the tropopause, so th at this has been inferred from other similar occasions. The line at the top of the diagram shows the position, in relation to th at of the surface front, where the most rapid fall in ozone occurred. It will be seen th at the rapid fall in ozone content took place in a region where the front in the troposphere was at a height of about 8 km., but we believe th at it is rather the extension of the front into the stratosphere which is directly associated with the fall in ozone. There is no evidence of the slope of the front in the stratosphere, but it will presumably slope backwards with warm air above. Neither is there any evidence of the width of the transition region occupied by the front. This case has been chosen as showing large changes in ozone with the passage of a warm front, but similar, if rather less pronounced, cases are extremely common, and usually the first sign of an approaching warm front th at can be obtained from 75% 80% 1000 km, ground observations is a fall in ozone content which takes place well before any fall in pressure and often before any frontal clouds are seen. There are, however, a few cases of marked warm fronts which do not show these changes in the ozone, and these fronts presumably do not extend up into the stratosphere.
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In the case of cold fronts, the ozone changes are, as might be expected, generally the reverse of those at warm fronts, and there is usually a rise in the ozone content with the passage of a cold front. Further, since cold fronts generally slope back wards, but at a steeper angle than warm fronts, the change in ozone content occurs a short time after the passage of the cold front at the surface. As with warm fronts, not all cold fronts show a change in the ozone content, such cases again being explained by the cold fronts not extending up into the stratosphere. Figures 11 and 12 show a typical case of the passage of a cold front.* In this case the rise in ozone content was well observed both at Oxford and at Eskdalemuir, and all the observations could be made with good accuracy. It will be noticed th at the 163 rise a t Eskdalemuir was particularly rapid. In figure 12 an attem pt has been made to draw a section of the atmosphere at right angles to the cold front, though the available data do not allow the position of the cold front in the upper air to be fixed with great accuracy. The height of the tropopause has also to be inferred from obser vations made some distance away from the front. As in figure 10 the position of the front in the troposphere is fixed from such meteorological observations as are avail able, while its position above the tropopause is determined solely by consideration of the changes in ozone content. The frontal region is probably much more diffuse in the upper atmosphere than near the ground.
Regions of ozone rise 1000 km. In some cases the rise in ozone content began well ahead of the accepted position of the surface cold front, but in many of these cases the upper air temperatures had also begun to fall before the cold front, showing that there had, in reality, already been some change in the air mass. One case is of particular interest, since the sky was entirely cloudless when the rise in ozone content was observed and it was some hours before the cold front arrived. An upper cold front was passing east-south-east across the British Isles followed by a surface cold front about 100 miles behind, the second cold front gradually overtaking the first. The upper cold front reached Oxford about 1900 hr. g.m.t ., giving much alto-cumulus castelatus and some towering cumulus with very high bases. The second front passed about 2100 hr. The ozone measurements and weather changes are shown in table 2 and figure 13. There is little doubt th at the rise in ozone content a t 1506 was associated with the upper cold front which passed the observing station some 4 hr. later. In this case there was no sign of a fall in temperature of the upper air ahead of the accepted position of the surface front, but it might have escaped detection.
Turning now to the change in the ozone content of the air when an occlusion passes over the observing station, it is found th at phenomena which are usually all called occlusions can be divided into three groups according to their effect on the ozone content:
(1) There is first the true occlusion, which is the continuation aloft of the warm sector of a depression, a tongue of warm air above extending well ahead of the tip of the warm sector at ground level. Such occlusions (as would be expected) show a fall in ozone content often extending several hundred miles ahead of the surface warm sector.
(2) Certain occlusions produce no effect on the ozone value and presumably do not extend so high as the stratosphere.
(3) Certain occlusions show a marked rise in the ozone value as the occlusion passes over the observing station. The increase may amount to 25 % or more of the initial ozone value and generally lasts a few hours only, but where the occlusion is nearly stationary the high ozone values may last for a day or so. Occlusions in this third group may be associated with a warm sector some distance farther away from the centre of a depression or they may not be associated with any warm sector a t all. In all cases the air over the occlusion seems to be cold rather than warm. Figure 14 is a generalized diagram showing the distribution of ozone around occlusions of this third type.
In view of the very great increase in the ozone (in this case presumably in the troposphere) found during thunderstorms and with cumulus and cumulo-nimbus clouds, to be described later, it is natural to ask whether there may not be electrical disturbances associated with such occlusions which form ozone locally. However, many occlusions showing the typical rise in ozone are accompanied by only drizzle or light rain and show no effect on the barograph trace, so th at thundery conditions are unlikely.
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Low pressure ------------Isobars -----------Equal ozone lines F igure 14. Composite diagram of the distribution of ozone in relation to certain types of occlusions.
Very rarely a marked rise in ozone content, similar to th at in an occlusion, has been observed in fine weather when there was no apparent front or thundery condition to cause it. A typical instance is given in table 3, all observations except the first two and the last being made with direct sunlight. The observations were made near the centre of an anticyclone. During the afternoon large cumulus clouds formed, but chiefly after the maximum ozone values. Finally, it has been shown that during thunderstorms the ozone content may increase very greatly. Figure 15 shows an instance when two thunderstorms passed nearly overhead in succession and produced a very great increase in the ozone content of the atmosphere. It should be remembered that such observations have necessarily to be made on the cloudy sky and are much less accurate than observa tions with sunlight. It is probable, however, that any error involved will make the observed value too small rather than too great. Most of the ozone formed during thunderstorms is almost certainly situated within the thundercloud and not in the stratosphere. I t will-therefore play no part in the radiation balance within the stratosphere. Further, it has been found th a t cumulus clouds and particularly cumulo-nimbus clouds, though producing no lightning, usually cause high ozone values, and in considering changes in stratosphere temperatures caused by changes in the observed amount of ozone, observations likely to be affected by such local electrical causes must be discarded. In an earlier paper one of us gave a diagram showing the average distribution of ozone around a typical depression and a typical anticyclone. Further observations have made it possible to give the distribution of ozone separately for a typical depression having a warm sector and for one which is entirely occluded and having only cold air associated with it. Figure 16 shows the results. In the occluded depres sion there is no area with ozone below the normal value for the season, and the highest ozone is found ahead of the centre of the depression instead of behind it, as in the case of a depression with a warm sector.
(c) Carbon dioxide
The concentration of carbon dioxide in uncontaminated air a t all places on the surface of the earth where it has been measured is about 0-03 % by volume (Paneth 1939; Callender 1938) , and there is good reason for expecting th at throughout the troposphere, where turbulence is strong, the concentration will be the same. Analyses by Gluckauf (1944) of samples of air brought down from the stratosphere showed no certain difference in the concentration in the stratosphere from th a t at ground level.
Measurements of the ratio of the concentrations of helium and oxygen in the atm o sphere up to 20 km. show th a t there is enough mixing up to these heights to prevent any appreciable separation of the gases under gravity, so th at one may conclude th at the relative concentration of carbon dioxide will also remain constant up to these heights. The frost-point hygrometer described in § II (a) can be used to measure the concentration of carbon dioxide in the air. If in dry air, such as exists in the strato sphere, the thimble is rapidly cooled to a very low temperature, the amount of ice deposited on it will be small and will not prevent the deposition point of carbon dioxide being clearly seen. The concentration of carbon dioxide is much greater than th at of water vapour at these levels, and the deposition point can be determined very accurately. Up to the present time only a few, rather rough, measurements of the concentration of carbon dioxide in the stratosphere have been made by this method, and they indicate a concentration of about 0*03 % by volume as was to be expected.
In P art III it will be assumed that the concentration of carbon dioxide remains constant throughout the atmosphere.
III. Meteorological considerations
In the preceding section instruments have been described which can be used to make accurate measurements of the amounts of the three important gases-water vapour, carbon dioxide and ozone-at all heights in the atmosphere which can be reached by multiseater aircraft. The way, therefore, seems clear, once sufficient scientific man-power is available for such work, for a great increase in our knowledge of this subject. That it will be of much scientific interest seems certain, and it is not unlikely also to be of practical importance to meteorology.
(i) Relative importance of various gases in the stratosphere
Laboratory measurements of the absorption coefficients for infra-red radiation of the three gases, under the conditions of temperature and pressure prevailing in the upper atmosphere, are urgently required, since the absorption by a given mass of gas depends on the total pressure and on the temperature. Generally, the absorp tion seems to vary approximately as the square root of the total pressure, but Strong (1941) has shown th at the absorption within the 9-7 band of ozone varies as the fourth root of the total pressure. Further, when a band of radiation passes through a medium which absorbs equally all wave-lengths within the band, the radiation is, of course, reduced in the ratio of e~kx (where Jc is the absorption coeffi cient of the medium and x is the amount of the medium traversed). When, however, the absorption band really consists of a number of separate lines, this clearly is not true. In such a case, when the absorption is so small th a t even at the centres of the lines it is not effectively complete, the fractional absorption may be taken as pro portional to x\ when the absorption is larger than this, but the lines forming the absorption band are separated by distances greater than their width (generally for absorptions of between 10 and 50 %), the fractional absorption is roughly pro portional to xi ; while if the lines overlap each other and the absorption is grea the fractional absorption varies more slowly than xi (Cowling 1943) . I t will thus be realized th at it is impossible at the present time to give accurate quantitative results, and all we shall be able to do is to indicate general qualitative conclusions.
When one considers the part played by water vapour, carbon dioxide and ozone in the meteorology of the stratosphere, one must try to assess how much energy may be absorbed by each of these gases. Simpson (1928) has given an estimate of the total terrestrial radiation leaving the top of the stratosphere and its spectral distribution. W ith his advice we have modified this to give an estimate of the radiation entering the lower surface of the stratosphere. This is shown by the thick line .of figure 17, which shows the energy a t any wave-length which is available for absorption by gases in the stratosphere. Each gas will be considered in turn. ([ A ) F i g u r e 17. Estimated spectral distribution of energy in the radiation passing upwards through the lower stratosphere.
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Ozone. The one observed fact which may be said to Jbe known is the absorption by ozone in the region between 9-3 and 10-2 Adel & Lampland (1940) , Adel (1942) and Strong (1939) have observed the absorption of sunlight by this band and shown th at some 50-60 % of the incoming energy is absorbed at the centre of the band. Thus for outgoing diffuse radiation, where the effective path length will be approximately doubled, some 70-80 % will be absorbed. The shaded area between 9 and 10 pi in figure 17 represents the total amount of energy which is believed to be absorbed by the atmospheric ozone from the stream of outgoing terrestrial radiation. To obtain the energy absorbed by the ozone a t any level, allowance must be made both for the absorptive power of the ozone at that level and for the intensity of the radiation passing through it. To assess this latter, allowance must be made for the absorption and re-radiation of energy by the ozone at both lower and higher levels. In table 4 the absorptive power at different levels has been calculated on the assump tion th at it varies as the square root of the concentration of ozone and as the fourth root of the total pressure. It is clear from this table that most of the energy of wave lengths between 9 and 10/i will be absorbed in the lower stratosphere.
The ozone situated in the upper warm region-say at about 50 km.-will also radiate energy in the 9-7/t band, and some of this will be absorbed by the ozone below, but the amount of ozone at these great heights appears to be small, so that the amount of energy radiated will not be important. The same applies to the carbon dioxide and water vapour in the upper warm region, but their concentrations will be so small th at the emission of radiation by them will be even less im portant than th at of the ozone. Carbon dioxide. Simpson (1928) gives an estimate of the energy absorbed by the 1 5/iband of carbon dioxide in the stratosphere. He shows th a t with parallel radiation about 90 % of the energy is absorbed at the centre of the band, so th at nearly the whole of the diffuse terrestrial radiation of this wave-length will be absorbed in the stratosphere. This, however, does not allow for the reduced absorption of carbon dioxide when under the low pressure existing in the stratosphere. Elsasser (1942) also believes th at almost the whole of the outgoing energy within the 15 band is absorbed by carbon dioxide in the stratosphere. In figure 17 the shaded area at 15fi may be taken to indicate approximately the energy absorbed by carbon dioxide in the stratosphere. Since both the amount of carbon dioxide and the total pressure will decrease with height, most of the absorption of energy will take place in the lower layers of the stratosphere. I t will be seen from figure 17 th a t the total energy absorbed by ozone and by carbon dioxide in the stratosphere appear to be roughly equal.
Water vapour. This represents a much more difficult problem. Many things com bine to indicate th at the absorption is much smaller than was a t one time believed to be the case:
(i) The actual humidities measured from aeroplanes and described in § II show th a t the amount of water vapour is much less than was expected.
(ii) Adel (1942) has shown th a t there are moderately transparent regions in the atmospheric absorption spectrum even at wave-lengths longer than 16 and he has obtained solar spectra extending to about 24/l (iii) The effect of low pressure and low temperature in the stratosphere will reduce the absorption by a given amount of water vapour.
Elsasser (1942) concludes th a t a t heights (which are within the stratosphere) where carbon dioxide radiates to space (without much absorption by carbon dioxide at higher levels), the radiative effects of carbon dioxide are as strong or stronger than those of water vapour.
I t does not appear unreasonable to suppose th at the energy absorbed by water vapour in the stratosphere from the outgoing terrestrial radiation is approximately equal to th a t absorbed by carbon dioxide or ozone. In figure 17 we have indicated this by the wide vertically shaded area, which may roughly represent the absorption by water vapour.
While much more exact information is needed, it is not unreasonable to assume, as Lord Cherwell proposed (Lindemann 1919) , th at water vapour, carbon dioxide and ozone are of roughly equal importance in the radiative balance of the strato sphere, and th a t the actual equilibrium temperature would depend on the relative concentrations of these three gases.
There is one fact, however, which must always be borne in mind, viz. th at the temperature of the stratosphere can only change very slowly by the emission and absorption of radiation. The total outgoing radiation passing through the strato sphere may be taken as averaging about 0*3 cal./cm.2/min., and the total energy absorbed by either carbon dioxide or ozone can hardly be more than about 5 % of this (while we are assuming th a t the energy absorbed by water vapour is also about the same). Even if it be supposed th at all this radiation is absorbed by the layer between 10 and 15 km., and th a t there is no emission of radiation, the temperature of this layer would rise only at a rate of about 0-6° C per day. Actual changes due to increased or decreased absorption must be much smaller than this, so that very small thermodynamic changes of temperature, due to slow rising and falling currents, may have comparable effects.
Next consider how the observed changes in the conditions in the stratosphere can be explained by variations in the relative amounts of the three absorbing gases. The concentration of carbon dioxide probably varies very little, and it is fairly safe to assume th at it remains constant. Far too little is known about the variations in the amount of water vapour under various conditions, so th at one is forced to neglect this though considerable errors may arise in doing so. Even so, the following pheno mena are consistent with the hypothesis th at an increase in the ozone concentration causes a rise in the stratosphere temperature and vice versa. (It should be noted th at the percentage variations in the concentration of ozone in the lower strato sphere appear to be nearly twice as great as the percentage variations in the total ozone.)
(ii) Annual variation of stratosphere temperature Figure 18 shows the annual variation of the temperature of the air in the strato sphere and the upper and lower troposphere. The values are deduced from over 2000 ascents, made at ten stations, between the latitudes of 43° N and 68° N. Further, if the stations are divided into three groups according to latitude, each group shows the same characteristics. There is, therefore, very good ground for thinking th at they are truly representative. Now the earth's surface is heated by solar radiation and, as would be expected, maximum and minimum temperatures of the surface occur somewhat after the solstices. The lower troposphere is mainly heated from the surface of the earth-by convexion and condensation of water vapour-and its maximum and minimum temperatures again lag behind those of the earth's surface. Going one step higher, it is found th at the upper troposphere is heated by the lower troposphere and again there is a further lag in phase. When, however, the next step upwards into the lower stratosphere is taken, one finds a complete change, for the maximum and minimum temperatures have moved right back to the time of the solstices. Now there is every reason for thinking th at the lower stratosphere is mainly warmed by absorption of outgoing radiation from the troposphere and from the earth's surface, and this radiation will have a maximum and a minimum long after the solstices. If the absorptive power of the air in the stratosphere remained constant one would expect to find th at the maximum and minimum temperatures would lag behind those of the troposphere. If, however, ozone plays an important part in the absorption of infra-red radiation in the strato sphere, just such an annual variation of temperature as is observed would be ex pected. Since the ozone has a maximum in spring and a minimum in autum n its amount will be greater, say, a month before the summer solstice than a month after the solstice, and this will raise the temperature of the stratosphere before the solstice compared with that after the solstice. The m atter may be looked at in a different way. The temperature of the tropo sphere is some 8° C lower at the spring equinox than at the autumn equinox, so that the equilibrium temperature of the stratosphere might also be expected to be some 8° C colder in spring than in autumn (that part of the outgoing radiation which comes from the earth's surface will also be considerably smaller in spring than in autumn). In fact, however, the stratosphere temperatures in spring and autumn are almost exactly the same. In temperature latitudes there is some 0*080 cm. more ozone in the whole vertical depth of atmosphere in spring than in autumn, so that, neglecting any variations in the water-vapour concentration, this appears to have raised the temperature of the lower stratosphere some 8° C, i.e. 0-010 cm. of ozone raises the temperature 1° C (of course much of this ozone is at far higher levels than the lower stratosphere and will take no part in warming it).
(iii) Annual variation of the height of the tropopause
The tropopause is lowest in spring and highest in autumn. This follows directly if the hypothesis is accepted that the tropopause is the boundary between an upper region whose temperature is governed by radiative equilibrium and a lower region whose temperature is governed by the temperature of the surface of the earth and the upward transport of heat by turbulence, etc., provided th at the phase of the annual variation of temperature in the stratosphere is much in advance of th at in the troposphere. If there were no ozone in the stratosphere and its absorptive power remained constant throughout the year, its annual variation of temperature would lag behind that of the upper troposphere, just as that of the upper troposphere lags behind th at of the lower troposphere, etc. This would lead to an annual variation in the height of the tropopause having a maximum in summer and a minimum in winter. If,'however, the presence of ozone leads to maximum and minimum strato sphere temperatures at the solstices, one would expect to find the tropopause lowest in spring and highest in autumn, as is observed to be the case.
(iv) Variation with latitude of the temperature in the stratosphere and height of the tropopause The relatively large amount of ozone found in high latitudes would, on the present hypothesis, account for the high temperature found in the stratosphere in these regions as compared with that near the equator. On the average of the whole year there is about 0-130 cm. more ozone in latitudes 60-70° N than over the equator, and the temperature of the stratosphere is some 30° C warmer. This would indicate that (apart from any effects due to differences in humidity which we do not yet know) an increase of about 0-004 cm. of ozone leads to a rise of 1° C in temperature. When considering the annual variations of temperature in temperate latitudes it was concluded that an increase of about 0-010 cm. of ozone would cause a rise of 1° C. This agreement is as good as would be expected in view of the many factors which have had to be neglected. The warmer stratosphere will also lead to a lower tropo pause in high latitudes.
(v) Variation of temperature with height in the stratosphere The intensity of the terrestrial radiation passing through the stratosphere must become gradually smaller with increasing height owing to the downward radiation of some of the energy absorbed. If the composition of the stratosphere were uniform at all heights one would expect that the temperature would gradually decrease with height. Actually, except in very high latitudes, the temperature remains constant with height or slightly increases,* as shown by Dines (1928) and Samuels (1929) . I t is known th a t the absolute concentration of carbon dioxide and water vapour must decrease with height while the concentration of ozone almost certainly increases. This change in the relative amounts of these absorbing gases would tend to raise the temperature a t the higher levels, so th a t the absence of a fall of tem perature with height is not surprising. I t may well be th a t even a t heights as low as 20 km. the absorption of solar ultra-violet radiation by the ozone also produces appreciable warming, though, of course, the main warming produced in this way is another 15-20 km. higher.
I t has often been suggested th a t the difference in temperature in the stratosphere in low and high latitudes is due to a general world circulation between the equator and the poles which causes the air in the stratosphere to rise slowly near the equator and to subside slowly near the poles. I t seems difficult to imagine any world circula tion of this kind in which the air at a height of several kilometres above the tropopause in low latitudes will not have risen much more than (and therefore been cooled much more than) the air only just above the tropopause. The fact th a t the tem pera ture does not continue to fall up to great heights in such a rising current shows th a t some other effect is predominant. Such a predominant effect can only be radiation, and if it is necessary to admit th at radiation plays no great a part, there seems little reason for not admitting th a t the difference in the observed ozone content between the equator and poles is the cause of the difference in temperature without postulating rising and sinking currents.
(vi) Variation of ozone content and meteorological conditions
The observed variations in the ozone content of the upper air are, a t times, large and rapid. That these are frequently associated with the passage of ' fronts ' indicates th a t the ozone changes are often due to a change in the 'air m ass'. That the ozone content of a given air mass changes only slowly when the air mass changes its lati tude seems certain, but whether there are other more local and rapid changes is not yet known. The fact th at the temperature of the stratosphere can only change slowly by the absorption and emission of radiation also shows th a t the large changes in stratosphere temperature which are often observed are certainly due to changes in air mass. The general picture would seem to be th a t the variation in the relative concentration of ozone and water vapour control the broad, slow changes of tem perature, while the rapid changes both of ozone and temperature found at any given place in temperate latitudes are chiefly due to change in the air mass.
In closing, reference may be made to three fundamental questions asked by Simpson at the end of his 'Further studies in terrestrial radiation', viz.
(a) Why does not the temperature in the stratosphere decrease with height?
(b) W hy does the temperature of the stratosphere increase as one passes from low to high latitudes? (c) W hy is the base of the stratosphere higher over equatorial than over polar regions ?
We would like to suggest the following answers to these questions: (a) As tentatively suggested by Simpson himself, because the ratio of water vapour to ozone decreases with height in the stratosphere, thus compensating for the small decrease in the flow of long-wave radiation at higher levels.
(b) Because, for reasons th a t are not yet fully known, the amount of ozone and probably the ratio of ozone to water vapour is greater over the polar regions than over the equator.
(c) Because the temperature lapse due to turbulent mixing of the air has to extend to a greater height before the temperature is reached at which the air is in radiative equilibrium.
The humidity measurements in the upper air have been made as part of the work of the Meteorological Research Flight of the Meteorological Office, and we are indebted to the Director of the Meteorological Office for permission to publish this part of the work. We are also greatly indebted to the Officer Commanding, Aeroplane and Armament Experimental Establishment, for the assistance th at has been given at all times, and to the pilots and crews of the aircraft from which the observations have been made.
The measurements of ozone at Lerwick and Eskdalemuir were made at the ob servatories of the Meteorological Office, and those at Valentia at the observatory of the Meteorological Service of Eire: we would render our thanks to the staffs of these observatories for their help and co-operation.
The whole work has been done in the closest association with the Meteorological Office, and we would particularly express our thanks to the Director for his continued help and interest.
